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Abstract
We investigate the φ meson nuclear transparency using some recent theoretical
developments on the φ in medium selfenergy. The inclusion of direct resonant φN -
scattering and the kaon decay mechanisms leads to a φ width much larger than in
most previous theoretical approaches. The model has been confronted with photo-
production data from CLAS and LEPS and the recent proton induced φ production
from COSY finding an overall good agreement. The results support the need of a
quite large direct φN -scattering contribution to the selfenergy.
PACS: 13.75.-n; 14.40Be; 21.65.Jk; 25.80.-e
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1 Introduction
The light vector meson properties in dense/hot nuclear matter have been intensively studied
the last decades in the search, among others, of any signal of chiral symmetry restoration. A
good review of the related physics can be found in Refs. [1,2]. These mesons are particularly
appealing because their dileptonic decays can provide a relatively clean information of
the nuclear medium interior as opposed to strong decays undergoing a sizable final state
interaction before the detection of the decay products. In addition, the φ meson is very
narrow in vacuum and is well separated from the ρ and the ω mesons what could help in
the experimental analysis and allow for the measurement of any modifications of its mass
or width.
Experimentally, φ production and its decays, both hadronic and electromagnetic, have
been investigated in heavy ion collisions by the STAR and ALICE collaborations [3, 4].
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In cold nuclei, φ production has been studied at Spring8 [5], KEK [6], Jefferson Lab [7]
and Ju¨lich [8]. One of the findings is that, whereas the φ mass in the medium is scarcely
modified if at all, the width is much larger than in vacuum [5–9]. Actually, the in-medium
φ width seems to be substantially larger than predicted by most theoretical models.
This width is expected to come mostly from the decay φ→ KK¯, which is dominant in
vacuum. The medium effects modifying it have been much studied [10–15] and involve a
quite rich dynamics. In nuclear matter, the kaons are just mildly repelled and will move
out of the nucleus. However, antikaons are attracted by the nuclear medium and can
also be absorbed leading to hyperons and resonances such as Λ(1405) and others. These
mechanisms are instrumental leading to a large φ width. For instance, in Ref. [13], we
obtain Γφ ≈ 30 MeV at normal nuclear density to be compared to 4 MeV in vacuum. Still,
that result is not large enough to describe the experimental data. This failure has been the
cause for a search for additional mechanisms which could contribute to the meson decay.
In Ref. [16], we explored the φ selfenergy pieces related to some direct φ-nucleon inter-
action channels not previously considered. There, φ-nucleon elastic scattering proceeds via
K∗-hyperon loops which give rise to a selfenergy with real and imaginary parts. Our work
was based in some recent studies analyzing the vector meson scattering with baryons in
two different schemes. Both models account for a relatively strong φ nucleon interaction.
As a consequence of these mechanisms the φ meson gets an additional broadening up to
40-50 MeV and a mild attraction at normal nuclear density. Our purpose here is to test
the results of the model of Ref. [16] comparing with the available data and check whether
a satisfactory description of the φ selfenergy in cold nuclear matter has been reached. We
will focus on its controversial imaginary part, or equivalently the φ width.
A direct extraction of the in-medium width via the analysis of the invariant mass of
the decay products poses some difficulties. For instance, in Ref. [6] the dilepton channel
was measured in carbon and copper nuclei for 12 GeV p + A reactions. With this kine-
matics, most of the φ mesons move very fast in the forward direction and escape from the
nucleus before decaying. As a consequence, the observed width is frequently the free one.
Nonetheless, a clear broadening was observed for the heavier nucleus and when only the
slower φ mesons were selected. On the other hand, the dominant decay channel, φ→ KK¯,
presents some additional challenges related to the final state interaction. The strong an-
tikaon absorption restricts the visibility of decays that happen at high densities far from
the surface. Also the real part of the optical potential, including Coulomb, modifies the
kaon trajectories and distorts the invariant mass of the system.
Another observable, sensitive to the imaginary part of the φ selfenergy is the nuclear
transparency ratio given by the quotient of the cross sections for φ production on nuclei
and on a free nucleon. This quantity depends on the loss of flux in the medium and thus on
the width of the φ meson and its density dependence. The transparency has been measured
in photoproduction by the LEPS and CLAS collaborations [5, 7]. This process had been
suggested in Ref. [17] and was also studied in Ref. [9]. Transparency for the case of proton
induced φ production is more complicated due to the initial state interaction of the proton
beam that leads to some secondary production mechanisms such as pN → πNN followed
by πN → φN . This process had been studied in Refs. [18–20] and has been recently
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measured at Ju¨lich [8, 21].
In this paper, we present a study of the φ nuclear transparency for both photon and
proton induced production on nuclei using the theoretical model from Ref [16]. We will
start by giving a brief reminder of the φ selfenergy model and introduce the formalism
used in the calculation. Then we proceed to the comparison with the experimental data.
2 Theoretical model
Two sources of φ selfenergy in nuclear matter are considered here, the mechanisms related
to the KK¯ decay, that will be denoted as kaon cloud, and those coming from φN → φN
resonant scattering mediated by hyperon + vector meson and other intermediate coupled
channels.
In vacuum, the largest decay channel (83%) is φ→ KK¯. At leading order, the φ self-
energy is obtained by evaluating K(K¯) loop and tadpole diagrams. The nuclear medium
effects are incorporated by properly dressing the kaon and antikaon propagators with their
selfenergies originating from the KN(K¯N) s and p-wave interaction. Details on the cal-
culation of this contribution to the φ selfenergy can be found in Ref. [13] and for the
kaon/antikaon selfenergy we use the results from Refs. [22, 23].
The K selfenergy is relatively simple. The KN amplitude is elastic and given the
absence of resonances depends very slowly on the energy. To a good approximation the
selfenergy can be cast in the Tρ form. The K¯ case is more involved. The p-wave part of the
selfenergy includes the coupling to several particle-hole excitations such as Λ(1115)N−1,
Σ(1195)N−1 and Σ∗(1385)N−1. The s-wave part of the selfenergy is calculated in a unita-
rized chiral model and is dominated by the excitation of the Λ(1405) resonance. A specially
careful and self-consistent treatment of the many-body corrections is required in this case
because of the vicinity to the K¯N threshold. As a result, a quite large width is obtained
for the antikaons. Furthermore, the real part of the optical potential shows an attraction
of −60 MeV at normal nuclear matter density for antikaons at rest in contrast to the mild
repulsion in the kaon case.
The novelty of Ref. [16] was the calculation of the contribution to the φ selfenergy in
the medium related to the φN elastic scattering amplitude. We relied upon the results of
two different schemes recently developed to describe the vector meson–baryon scattering.
The first one [24–26] obtains the low-energy vector meson–baryon amplitude within the
hidden local symmetry (HLS) approach. The second one [27] uses an SU(6) spin-flavor
symmetry extension of the SU(3) chiral perturbation theory Lagrangian. This leads to the
generalization of the Weinberg–Tomozawa interaction between pseudoscalar and vector
mesons, and baryons from the light octet and decuplet. In both schemes the scattering
amplitude is calculated in a coupled channels unitarized approach. These models have
been successful in reproducing masses and decay widths of some negative parity resonances
and the HLS one has also been tested and constrained in the analysis of the γp → KΣ
reaction [26]. At the lowest order, in these models, there is no direct φN → φN interaction
but that process happens via loops such as φN → K∗Λ→ φN . These loops, on the other
3
hand, produce an imaginary part for the scattering amplitude through the opening of some
decay channels.
The contribution to the selfenergy is then obtained by summing the scattering ampli-
tude over the initial nucleon Fermi distribution. Also Pauli blocking is taken into account
by replacing the vacuum nucleon propagators that appear in the calculation by single-
particle propagators in the Fermi gas approximation. The new mechanisms produce a
moderate momentum dependence of the φ selfenergy reflecting the presence of some reso-
nances on the φN amplitude. Furthermore, the predictions of the two theoretical models
differ significantly at low momenta for both real and imaginary parts of the optical poten-
tials. Close to threshold the attraction ranges from 5 to 40 MeV, what could strongly affect
the existence and spectrum of possible φ meson nuclear bound states [28]. The imaginary
part is stronger for the SU(6) model, though both models provide a larger contribution
than the mechanisms related to the KK¯ decay.
2.1 Nuclear transparency: photoproduction
We start discussing the case of φ nuclear photoproduction reactions. In this case shadowing
is negligible. Thus, the reaction takes place in the whole nucleus and the cross section can
be approximated by
dσA
dΩ
=
∫
d3r ρ(r)
dσN
dΩ
FABS , (1)
where dσN
dΩ
and dσA
dΩ
are the elementary-nucleon and nuclear differential cross section, re-
spectively. FABS is an absorption factor accounting for the φ meson lost flux on its way
out of the nucleus. Here, in the production itself, Fermi motion and Pauli blocking have
not been considered. If we also set FABS = 1, omitting φ absorption in the nucleus, we
would get the trivial result dσA
dΩ
= AdσN
dΩ
where A is the number of nucleons1.
On the other hand, for energies close to threshold, just for kinematic reasons, the
φ meson goes forwards and is quite fast. The high momentum means that changes of
trajectory because of the small real part of the optical potential can be neglected. Also,
the quasielastic collisions are very improbable, as the imaginary part of the selfenergy is
fully dominated by inelastic channels according to our theoretical models. Therefore, to a
good approximation, the φ meson will move forward until it gets out of the nucleus or it
is absorbed. Thus, we can model the absorption factor in an eikonal form as [17]
FABS = exp
(
−
∫
∞
0
dl
1
p
ImΠ(p, ρ(r′))
)
, (2)
where Π(p, ρ(r)) is the φ selfenergy as a function of its momentum p and at the nuclear
density ρ, ~r is the φ production point. Finally, ~r′ = ~r+ l ~p/|~p|. As long as the integrand of
Eq. 1 does not depend on the direction of the φ momentum, other than via dσN
dΩ
, we can
1 Notice the implicit assumption, supported by the experiment [29], that the φ production cross section
from protons and neutrons is very similar.
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write the following ratio between the nuclear and the nucleon cross section
Pout ≡
σA
AσN
=
1
A
∫
d3r ρ(r) exp
(
−
∫
∞
0
dl
1
p
ImΠ(p, ρ(r′))
)
, (3)
which measures the transparency of the nucleus to the φ meson.
The effect on the transparency observable for the φN resonant scattering is substantial,
as expected from its large contribution to the φ selfenergy [16]. In Fig. 1, we show this
ratio between cross sections for 20Ne as a function of the φ momentum for the theoretical
models considered in this paper. The nuclear density profiles for all cases have been
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Figure 1: Transparencies for the nucleus 20Ne as a function of the φ momentum with
kaon cloud selfenergy only or adding the φ selfenergies from the HLS [24,25] or the SU(6)
model [27].
taken from [30, 31]. The inclusion of the new φN scattering mechanisms leads to a much
stronger absorption for the whole momentum range explored than the kaon cloud alone.
Additionally, the HLS model shows a strong energy dependence at relatively low (< 600
MeV) momenta. At higher momenta the nuclear transparency increases for all cases.
The only nuclear effects considered in this result and in Eq. 3 are those related to
φ absorption, incorporated into the calculation of Π, the φ selfenergy. Other nuclear
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effects affecting the production mechanism, rather than the φ propagation, are the Fermi
motion of the initial nucleon and the Pauli blocking of the final one on the γN → φN
process. Pauli blocking will imply a reduction of the φ production cross section. The
Fermi motion will distort the distribution of the final meson and nucleon and affect the
Pauli blocking itself. The flux reduction due to these sources can be estimated for photon
induced reactions by including in the integrand of Eq. 3 a factor considering a Fermi average
of these effects [17, 32]:
G(Q, ρ) = 1−Θ(2− Q˜)
(
1−
3
4
Q˜ +
1
16
Q˜3
)
, (4)
where Q˜ = | ~Q|/kF , ~Q is the momentum transfer and kF is the Fermi momentum of the
nucleons. In Fig. 2, we show how the transparency is modified by the Pauli blocking of
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Figure 2: Transparencies as a function of φ momentum for photoproduction processes,
with (θφ = 0 degrees) and without Pauli blocking for
64Cu.
the final nucleon. The result depends on the scattering angle. For the figure we have
selected forward φ scattering that maximizes the change. Opening the angle increases the
transfer momentum and as soon as it is above 2kF , Pauli blocking becomes ineffective.
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There is a small reduction at high φ momentum and practically no change below 1.2
GeV. This reduction will also affect transparency ratios comparing different nuclei because
of the variation of the average density, and thus of the Fermi momentum. However, the
dependence of the Pauli blocking correction on the nuclear size, beyond A ≈ 10, is minimal
as shown in Ref. [17].
In Fig. 3, we compare our model with data from LEPS [5] which measured the trans-
parency detecting the φ mesons through their KK¯ decay. The transparencies are normal-
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Figure 3: Ratio of φ photoproduction transparencies as a function of the atomic number
compared with data from LEPS [5].
ized to that of lithium, the lightest nucleus measured in the experiment. In this way, some
systematic errors could be reduced. Our presented results are obtained assuming forward
scattering, thus maximizing the Pauli blocking effects. Removing Pauli blocking would
push up by less than a 5% [5] the three curves. The photon spectrum had energies ranging
from 1.5 to 2.4 GeV. We take an average momentum, pφ = 1.8 GeV as suggested in [5]. We
find that the inclusion of the φN scattering mechanisms improves the agreement for both
models. In principle, the largest absorption corresponding to the SU(6) model is favored.
However, we find that it is very hard to reproduce the steep change in data from lithium
to carbon, even when artificially increasing the absorption by a large factor.
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Figure 4: Transparency ratios for φ photoproduction as a function of the atomic number
compared with data from CLAS [7]. Curves to guide the eye.
In fig. 4, we compare our model with data from CLAS [7]. In this case, the φ meson was
detected via the e+e− decay avoiding the complication of the final state kaon interactions
and some other difficulties in the background subtraction and the experimental analysis.
The average φ momentum is 2 GeV, only slightly larger than for LEPS. According to our
model the transparencies at such close energies should be similar. The results here are
consistent with data. Lead transparency, the one with the strongest nuclear effects, favors
the inclusion of the new mechanisms and overall the best fit corresponds to the HLS model.
Nonetheless, the large uncertainties prevent us from reaching strong conclusions. The much
larger σφN cross section that would be required to accommodate LEPS data would spoil
the agreement with CLAS. Thus, the two available photoproduction experimental results
seem hardly compatible.
2.2 Nuclear transparency: proton induced production
The theoretical description of proton induced φ production is more complicated [18–20]
even when assuming that the quasifree mechanism pN → pNφ is dominant. First, we must
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consider the initial state interaction of the proton. A simple approximation is to include
an additional factor to account for the proton flux reduction,
FIN = exp
(
−
∫ ~r
∞
σNN ρ(r
′) dl
)
, (5)
where σNN is the full nucleon-nucleon cross section. From here on, we adapt to the
COSY/ANKE setup of Ref. [8]. There, the protons have a kinetic energy of 2.83 GeV. It is
close to the reaction threshold and thus Pauli blocking is irrelevant for the primary reaction
NN → NNφ because the final nucleons have a too large momentum. On the other hand,
for the initial distortion both σpn and σpp are around 42 mb [33]. A second change with
respect to the photoproduction process is the sizable isospin asymmetry in the production
cross section. According to both experimental data and theoretical models [34–36] the
cross section for pn → pnφ is substantially larger than for pp → ppφ. Also, the pn → dφ
process, which further enhances the relevance of neutrons, is of comparable size [34]. This
isospin asymmetry is taken into account substituting σN in Eq. 1 by
{N(σpn→pnφ + σpn→dφ) + Zσpp→ppφ} /A, (6)
with Z and N the number of protons and neutrons and A = N +Z. We use for these cross
sections the parametrizations from Ref. [19]. Obviously, this isospin asymmetry leads to a
relatively larger φ production for heavier nuclei which have more neutrons than protons.
The effect is of the order of 10% for lead at the energy of Ref. [8].
Including the shadowing factor of Eq. 5 and the isospin correction from Eq. 6 we
compare our results with data from Ref. [21] in Fig. 5. In the calculation we have taken an
average φ momentum of 1.3 GeV, which approximately corresponds to the experimental
peak of the φ production differential cross section for all nuclei [8] and also of the phase
space distribution of the elementary NN → NNφ process at the studied energy.
The agreement is fair for all models and a simple χ-squared analysis favors the HLS
one. We should mention that in the proton induced process, a good part of the cross
section reduction in nuclei comes from the initial state interaction of the proton. Thus,
the process is more peripheral and there is less sensitivity to the φ meson absorption than
in photoproduction [18].
Additionally, there are some caveats to be considered before giving too much weight to
these results. The contribution of multistep processes to the φ production mechanism could
also be important. For instance, the initial nucleon could undergo a quasielastic scattering
loosing some energy, followed by φ production in a second step. Another possibility is the
excitation of a ∆ resonance followed by a ∆N → NNφ process. These two mechanisms
were investigated in Ref. [18] finding that they were relevant modifying the nuclear cross
sections, but hardly affected ratios such as that of Fig. 5. A third mechanism, π production
followed by πN → Nφ, has been studied in Ref. [19] leading to some enhancement of the
nuclear transparency ratios. Given the influence of all these mechanisms, with their large
uncertainties, and the smaller sensitivity to the φ meson absorption, we find that proton
induced production is less adequate than φ photoproduction to obtain information on the
φ selfenergy in nuclear matter.
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Figure 5: Nuclear transparency ratios for the pA→ φX reaction compared to data from
Ref. [21].
3 Conclusions
We have investigated the φ meson nuclear transparency using the φ selfenergy model devel-
oped in Ref. [16]. This selfenergy includes direct φN -scattering mechanisms, evaluated in
two different theoretical approaches, in addition to the terms due to the supposedly domi-
nant kaon-cloud interactions. We find that the contribution associated to φN -scattering is
stronger than assumed in many previous theoretical calculations. With this selfenergy, we
reproduce well the nuclear transparency data obtained from φ photoproduction reactions
at CLAS. Furthermore, the agreement with the LEPS photoproduction data is clearly
improved when the φN -scattering effects are considered. However, an even stronger φ
absorption would be required in this case. We find that CLAS and LEPS data are hardly
reconcilable, since they seem to point to different in-medium φ absorption magnitudes.
The results also show a good reproduction of the proton induced transparency data.
However, this case is less sensitive to the φ meson properties in the nuclear medium.
Namely, large changes of the selfenergy lead to small changes of the transparency which
is dominated by shadowing effects. Furthermore, the theoretical modelling is necessarily
10
more involved because of the importance of multistep production mechanisms.
This work supports the relevance of the direct φN -scattering mechanisms on the de-
scription of the φ meson width in the nuclear medium. However, there are still substantial
uncertainties in the available theoretical models describing φN scattering. This calls for
new, more precise experiments, which could help discriminating and constraining those
theoretical models. In particular, the measurement of other observables, such as the spec-
trum of φ nuclear bound states, if they exist, would be instrumental to determine both the
real and the imaginary part of the φ selfenergy in nuclear matter.
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